[1] A new model for the marine cycles of particulate organic carbon (POC), oxygen, nitrate, and phosphorus has been developed and applied to explore the controls and constraints on marine productivity and nutrient inventories. The coupled benthic-pelagic model uses a new approach for the simulation of the reactive phosphorus turnover (P reac corresponding to the sum of organic P, authigenic P, and adsorbed phosphate) in marine sediments. The simulated POC/P reac burial ratio in shelf, slope and rise, and deep-sea sediments increases under strongly reducing conditions in agreement with field observation. The model runs revealed that the spread of anoxia in bottom waters may enhance the productivity of the global ocean by one order of magnitude if sufficient nitrate is provided by N 2 -fixation. Thus anoxic bottom waters promote eutrophic conditions and vice versa. Additional model runs showed that the productivity and nutrient inventory of the glacial ocean were probably enhanced due to the falling sea level. Marine regression induced a narrowing of the depositional areas on the continental shelves and thereby an increase in the fraction of POC exported to the deep ocean. The accelerated POC delivery, in turn, decreased the oxygen contents of the deep water and thus favored the release of phosphate from deep-sea and rise sediments. Enhanced recycling of phosphate at the seafloor promoted further POC export in a positive feedback loop.
Introduction
[2] The productivity of the ocean and the marine nutrient inventory are strongly affected by redox-dependent processes [Lenton and Watson, 2000; Redfield, 1958] . Thus phosphorus is buried in oxic sediments but rapidly released from reducing deposits Jahnke, 1994, 1997] . Anoxic conditions favoring the benthic release of phosphate are promoted by high fluxes of particulate organic matter to the seafloor which are in turn controlled by the ocean's productivity. Therefore the phosphorus cycle bears a positive feedback where productivity promotes the release of new phosphate from anoxic sediments inducing a further increase in productivity [Ingall and Jahnke, 1994; van Cappellen and Ingall, 1994] . In contrast, the ocean's nitrate inventory is affected by denitrification processes occurring both in suboxic sediments and in oxygen-depleted waters [Gruber and Sarmiento, 1997] . Under nitrate limitation the ocean's fertility is, thus, stabilized by a negative feedback where enhanced production reduces the nitrate inventory via denitrification processes restoring a moderate level of organic matter production.
[3] Anoxic events where enormous amounts of organic matter accumulated at the seafloor are documented for the mid-Cretaceous, the late Jurassic, and other periods of the Earth's history [Frakes et al., 1992; Stein et al., 1986] . More gradual changes in the ocean's productivity occurred during late Quaternary glacial/interglacial cycles. In many productive areas of the ocean (equatorial Pacific and Atlantic, southern Arabian Sea, sub-Antarctic Ocean), marine surface sediments received more organic carbon and were more reducing under glacial conditions [Francois et al., 1997; Müller and Suess, 1979; Pedersen, 1983; Rosenthal et al., 1995; Sarkar et al., 1993; Sarnthein et al., 1988; Thomson et al., 1996] . Authigenic U found in glacial sediments throughout the Atlantic implies a basin-wide decrease in the oxygen content of bottom waters during the last glacial [Mangini et al., 2001] . Moreover, benthic and planktonic foraminifer from glacial sediments suggest a larger d 13 C contrast between inorganic carbon dissolved in surface and deep waters implying a more efficient biological pump [Shackleton et al., 1983] . Various mechanisms were advanced to explain the change in productivity suggested by GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 17, NO. 3, 1084 , doi:10.1029 /2002GB001968, 2003 Copyright 2003 by the American Geophysical Union. 0886-6236/03/2002GB001968 these data [Archer et al., 2000a] . Thus denitrification rates in low-oxygen intermediate waters and underlying slope sediments ceased during glacials [Altabet et al., 1995; Ganeshram et al., 1995] suggesting an increase in the glacial nitrate inventory and in marine productivity [Falkowski, 1997; Falkowski et al., 1998 ]. In contrast, the inventory of dissolved phosphate is generally believed to remain constant over glacial/interglacial cycles even though the geological record suggests that the phosphate inventory may be greatly expanded in low-oxygen waters.
[4] Here a new model for the particulate organic carbon (POC), oxygen, nitrogen, and phosphorus cycling in oceans and sediments is presented. In contrast to previous attempts, the model includes a transport-reaction model for the redoxdependent phosphorus turnover in surface sediments. Sedimentary processes are not only simulated for the deep seafloor but also for the continental margin and shelf considering the terrigenous input of particulate P and POC. The sediment model is fully coupled to a three-box model of the ocean where export production, N 2 -fixation, organic matter degradation, and denitrification are the major processes. The coupled model reveals that the positive feedback embedded in the marine phosphorus cycle can induce large changes in the ocean's productivity and nutrient inventory. It also shows that the dissolved phosphate inventory of the ocean may have changed drastically during the Quaternary glacial/interglacial cycles.
The Marine Phosphorus Budget
[5] Phosphorus is transferred from the continents into the ocean by rivers, dust, and ice ( Figure 1 ). Preindustrial river fluxes indicate a clear dominance of particulate P over dissolved P inputs [Meybeck, 1993] . The particulate load of rivers was strongly enhanced by human land-use even before the onset of industrialization due to large-scale deforestation [Berner and Berner, 1996] so that the preanthropogenic flux of particulate P to the ocean was probably close to 33 Â 10 10 mol yr À1 (Table 1) . Aeolian inputs provide additional P to the ocean which is partly dissolved in surface waters (1 Â 10 10 mol P yr
À1
) and partly deposited at the deep seafloor [2.1 Â 10 10 mol yr À1 ; Duce et al., 1991] . Mass transfer rates of terrigenous particles reconstructed by Lisitzin [1996] show that similar masses are transported via glacial and aeolian pathways suggesting also a comparable P-flux to the seafloor via glaciers and sea-ice (%2 Â 10 10 mol yr
).
[6] Phosphate dissolved in the deep ocean is adsorbed on hydrothermal plume particles suspended in the water column and is bound in altered oceanic crust during hydrothermal circulation of seawater at mid-ocean ridges and ridge flanks [Wheat et al., 1996] .
[7] Phosphate dissolved in surface water is readily taken up by plankton to be converted into particulate organic P (POP). The molar ratio between organic carbon and POP in marine algae is given by the classical Redfield ratio [106:1; Redfield, 1958] . Estimates of global export production and depositional POC fluxes [Jahnke, 1996; Rabouille et al., 2001; Schlitzer, 2000; Yamanaka and Tajika, 1996] can thus be used to calculate the corresponding POP fluxes [see also Delaney, 1998 ].
[8] Burial of phosphorus in marine sediments can be estimated using total preanthropogenic sediment burial rates [1.55 Â 10 16 g yr
; Lisitzin, 1996; Berner and Berner, 1996] and average P concentrations in marine sediments. Sedimentary P contents typically fall in the range of 0.03-0.13 wt% [Berner and Rao, 1994; Filippelli, 1997; Föllmi et al., 1993; Ingall and Jahnke, 1994; Ruttenberg, 1993] ; Figure 1 . Holocene P turnover in the ocean. Fluxes are defined in Table 1 . Numbers indicate additional fluxes in 10 10 mol P yr
. Fluxes are given in 10 10 mol P yr À1 . Preanthropogenic river inputs, aeolian fluxes, ice transport, and hydrothermal fluxes were taken from Meybeck [1993] , Berner and Berner [1996] , Duce et al. [1991] , Lisitzin [1996] , and Wheat et al. [1996] , respectively. Marine export production and depositional fluxes were taken from Schlitzer [2000] , Yamanaka and Tajika [1996] , Rabouille et al. [2001] , and Jahnke [1996] . Burial rates were calculated from sediment accumulation rates [Berner and Berner, 1996; Lisitzin, 1996] assuming an average P content of 0.07 wt%. Benthic fluxes of dissolved phosphate were estimated as difference between depositional (POP and inorganic P) and burial fluxes.
with an average estimated here as 0.07 wt%. Considering that two thirds of Holocene sediments (terrigenous and biogenic) accumulate on the continental shelf whereas only one third is deposited on the continental rise and deep seafloor [Berner and Berner, 1996; Lisitzin, 1996] , the corresponding P accumulation rates result as 24 Â 10 10 and 12 Â 10 10 mol yr
, respectively. Phosphorite deposits which contain abundant P (5 -40 wt% of P 2 O 5 ) are economically significant but do not act as a relevant P sink in the marine phosphorus cycle [Berner and Berner, 1996; Föllmi et al., 1993] .
[9] A large fraction of P deposited at the seafloor is released into the pore water due to the microbial degradation of organic matter and the reductive dissolution of manganese and iron oxides [Colman and Holland, 2000; Ingall and Jahnke, 1997; McManus et al., 1997] . The benthic recycling of dissolved phosphate into the overlying bottom water can be calculated from the difference between depositional flux and burial rate. On the continental shelf and slope, sedimentation is dominated by the deposition of riverine particles and biogenic particles produced in marine surface waters. The resulting P-deposition (130 Â 10 10 mol P yr À1 ) is significantly higher than the corresponding P-burial (24 Â 10 10 mol P yr
) suggesting a benthic reflux of 106 Â 10 10 mol P yr
. P-deposition on the deep seafloor and the continental rise as driven by the sedimentation of POP, riverine, aeolian, glacial, and hydrothermal plume particles (40 Â 10 10 mol P yr À1 ) is again significantly higher than the burial flux (12 Â 10 10 mol P yr
) resulting in a benthic remobilization of 28 Â 10 10 mol P yr
. Colman and Holland [2000] used pore water data to calculate benthic phosphate fluxes of 84 Â 10 10 mol P yr À1 for shelf and slope sediments and 41 Â 10 10 mol P yr À1 for sediments deposited at the continental rise and on the deep seafloor. Hensen et al. [1998] estimated a global benthic phosphate flux of 32 Â 10 10 mol P yr À1 for water depths >1000 m using a large collection of pore water profiles determined in surface sediments of the southern Atlantic. These independently constrained global fluxes confirm that a large fraction of deposited P is recycled into the overlying water and imply that the benthic fluxes derived here from rain rate and burial data are realistic estimates.
[10] The marine phosphorus budget summarized in Figure 1 and Table 1 has a small and probably insignificant surplus of dissolved P inputs via riverine, aeolian, and benthic processes (138 Â 10 10 mol P yr
) over dissolved P removal via POP deposition and hydrothermal processes (133 Â 10 10 mol P yr À1 ). Considering the inventory of dissolved P in the global ocean [3.2 Â 10 15 mol P; Delaney, 1998 ], the residence time of P results as only 2.4 kyr when the benthic release of dissolved phosphate from sediments into the overlying bottom waters is regarded as an input flux to the ocean. Previous budgets of the marine P cycle treat benthic turnover as an internal flux implying significantly larger residence times [Ruttenberg, 1993; Wheat et al., 1996] . Benthic fluxes are driven both by the recycling of phosphate previously bound in marine POP and hydrothermal plume particles and by the mobilization of new phosphate from terrigenous particles [Berner and Rao, 1994; Sundby et al., 1992] 
Pelagic Model
[12] The model setup has been constructed essentially by adding terrigenous and pelagic sediments to the classical three-box model [Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984; Knox and McElroy, 1984] . In this simple box model, the global ocean is divided into high-latitude and low-latitude surface reservoirs and a deep water box (Figure 2 ). Thermohaline circulation is imposed as a cyclic flow of 20 Sv [Toggweiler, 1999] , supplemented by exchange fluxes between individual boxes. In it's standard formulation the three-box model underestimates marine export production considerably [Archer et al., 2000b] . Therefore the vertical and horizontal mixing coefficients were enhanced until the model's export production, oxygen concentrations, and nutrient distributions were close to the conditions observed in the modern ocean (Figure 2 ). Tuning of mixing coefficients might be justified by the fact that vertical mixing in the real ocean is only poorly constrained [Archer et al., 2000a] .
[13] Export production is limited by the least abundant nutrient following Liebig's law (Table 2) . It depends on nutrient concentrations as previously defined by MaierReimer [1993] . Export at high latitudes has a low efficiency expressed by a small value of the kinetic constant k XPH defining the export production at a certain nutrient level. At low latitudes, the corresponding kinetic constant (k XPL ) is enhanced to ascertain almost complete consumption of available nutrients. N 2 -fixation occurs at low latitudes only. The rate depends on the availability of phosphate [SanudoWilhelmy et al., 2001; Zehr et al., 2001] and is inhibited by high dissolved nitrate concentrations assuming Monod kinetics. It contributes to the export production at low latitudes assuming that 10% of the particulate organic matter (POM) formed by cyanobacteria is exported from the upper layer into the interior of the ocean. Denitrification in the deep water box is driven by export production and is inhibited in the presence of dissolved oxygen; rates are again defined using Monod-type kinetics.
[14] The underlying seafloor is separated into three sections, e.g., continental shelf, margin (slope and rise), and deep seafloor (Figure 2 ). The seafloor receives POM both from marine export production and from the continents. Terrigenous POC and PON are delivered to the shallow seafloor and the continental margin only. In contrast, terrigenous P is distributed between shallow seafloor, continental margin, and deep seafloor considering that about 90% of the riverine inputs are deposited on the continental shelf whereas the eolian and glacial inputs bypass the coastal zone to be exported to the continental slope and rise and deep seafloor (Figure 1 ).
Benthic Model
[15] The turnover of dissolved oxygen, nitrate, and phosphate, particulate organic matter (POC), and particulate phosphorus in surface sediments and associated pore waters is simulated with a transport-reaction model using a coupled system of partial differential equations (Table 4 ). In the model, dissolved species are transported by molecular diffusion. POM and phosphorus are transported by biogenic mixing processes caused by the benthic macrofauna (bioturbation) and via burial, induced by sedimentation. Firstorder kinetics were applied to simulate both the degradation of POM and the dissolution of reactive P. The kinetic constants were constrained using current estimates of POC burial and POC depositional fluxes [Betts and Holland, 1991; Hedges and Keil, 1995; Jahnke, 1996; Rabouille et al., 2001] . Oxygen consumption and denitrification are driven by POC degradation using Monod kinetics where denitrification is inhibited in the presence of dissolved oxygen [Boudreau, 1996; Rabouille and Gaillard, 1991; Van Cappellen and Wang, 1996] .
[16] Phosphorus is separated into reactive and inert fractions where reactive phosphorus (P reac ) includes authigenic P-phases, organic P, and other P binding forms subject to 
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Export production (F XP ) depends on either nitrate or phosphate concentration considering Liebig's minimum law. It is composed of high-latitude (F XPH ) and low-latitude (F XPL ) components. Volumes (V L , V H ) are used to convert concentrations in molar masses and vice versa whereas depositional areas (A i ) are used to define fluxes at the sediment-water interface. The corresponding parameter values are listed in Tables 5 and 6 . Depositional fluxes (in mmol cm À2 yr À1 ) are defined as fractions of export production considering additional terrigenous contributions (F PT , F POCT ). They are linked to the concentrations (given in wt%) and gradients of sedimentary P and POC providing upper boundary conditions for the benthic model. Benthic fluxes of dissolved species j (oxygen, nitrate, and phosphate) are calculated for each depositional environment i (shelf, slope and rise, deep sea) using the benthic model defined in Table 4 . These fluxes are a function of depositional fluxes and affect the concentration of dissolved species in the water column. Table 5 . Shelf deposits are mainly located at lowand midlatitudes and extend down to a water depth of 200 m. Therefore they exchange dissolved species both with the low-latitude surface box and the deep water box. rapid diagenesis in surface sediments. Nonreactive, inert P (P in , mainly apatite) is delivered from the continents assuming that 50% of the total terrigenous input is inert. The model considers only reactive P. Degradation kinetics of P reac are based on the observation that reactive P is more labile than POC [Ingall and Van Cappellen, 1990] and that secondary P-bearing minerals are formed via precipitation of phosphate from pore waters:
[17] Here the degradation/dissolution rate (R D ) depends on P reac concentrations (PS) and on dissolved phosphate concentrations (PO 4 ) in associated pore waters. The same first-order kinetic constant (k) is used for both the degradation of POC and P reac . The constant a which may attain values in between 1 and 3 expresses the preferential degradation of organic P as well as phosphate mobilization due to the reductive dissolution of metal oxides and desorption processes [Berner and Rao, 1994; Sundby et al., 1992] . A saturation concentration (PO 4 SAT ) is introduced to consider the decrease in net dissolution at high dissolved phosphate levels due to the formation of authigenic minerals. Calcium carbonate fluorapatites (CFA) act as major control on dissolved phosphate allowing for high steady state concentrations due to sluggish precipitation kinetics and/or the formation of amorphous phases [Reimers et al., 1996; Ruttenberg and Berner, 1993] . In the model, the saturation concentration of phosphate is set to 500 mM so that dissolution of particulate P is inhibited when the calculated concentrations approach the saturation value.
[18] The incorporation of P by aerobic bacteria and the uptake of dissolved phosphate via adsorption on metal 
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Dissolved oxygen, nitrate, and phosphate concentrations in pore waters are given in mmol (cm 3 pore water) À1 , reactive P and POC concentrations are calculated in wt%. The five differential equations describing the benthic processes are solved for three different depositional areas. The index i in these equations stands for D (deep sea), R (continental rise and slope), and S (shelf ). The corresponding parameter values are listed in Table 6 . The upper boundary conditions of the benthic P and POC models are given by the corresponding depositional fluxes (Table 2) provided by the pelagic model (Table 3) whereas the upper boundary of the pore water models for oxygen, nitrate, and phosphate are given by the corresponding concentrations in the overlying water reservoirs also calculated in the pelagic box model (Table 3) . These fluxes and concentrations change through time providing a dynamic upper boundary for the benthic model and a close benthic-pelagic coupling. Shelf bottom water concentrations were calculated as averages of deep water and low-latitude surface water concentrations. Zero gradients are used as lower boundary condition at the bottom of the modeled sediment column (10 cm sediment depth). 
where the phosphate uptake rate (R UP ) depends on the prevailing concentration of dissolved phosphate and the presence of dissolved nitrate (NO 3 ) using first-order kinetics and Monod kinetics, respectively. The stoichiometric factor f S is introduced to convert dissolved phosphate concentrations into solid phase concentrations of reactive P considering sediment density and water contents. With this formulation phosphate uptake is limited to nitrate-bearing surface sediments as suggested by various field studies [Colman and Holland, 2000; Ingall et al., 1993; Ingall and Jahnke, 1994; Sundby et al., 1992] . Thus benthic P fluxes are mainly controlled by the redox conditions in surface sediments [Colman and Holland, 2000] which are in turn regulated by the deposition of organic matter to the seafloor and by the oxygen content of the overlying bottom waters [Ingall and Jahnke, 1997] .
[19] The benthic model is applied to simulate the turnover in the top 10 cm of deep sea, continental rise and slope, and continental shelf sediments using parameter values listed in Table 6 . The bioturbation coefficients are calculated using an empirical relation to water depths based on 210 Pb data [Middelburg et al., 1996a] . Sedimentation rates are estimated for the different environments considering the corresponding mass fluxes, depositional areas, an average porosity of 80%, and a density of dry solids of 2.6 g/cm 3 [Berner and Berner, 1996; Colman and Holland, 2000; Lisitzin, 1996] . Molecular diffusion coefficients of dissolved species in 
Bioturbation coefficients in deep-sea, rise and shelf sediments
deep-sea and margin sediments are calculated for the given porosity and the prevailing low temperatures (2°-4°C) using empirical equations [Boudreau, 1997] . For continental shelf sediments, the values of the diffusion coefficients are increased to account for higher bottom water temperatures and the enhanced transport of dissolved species via bioirrigation.
[20] The sediment model is closely coupled to the water column boxes. It receives marine POM from surface waters, it consumes dissolved oxygen and nitrate from bottom waters and releases dissolved phosphate and nitrate into the overlying water column. Continental shelf and margin deposits receive POM produced in the low-latitude surface box only because continents are mainly located at low-and midlatitudes. In contrast, the deep seafloor is supplied with organic matter from both high and low latitudes. The continental shelf extends down to a water depth of 200 m. Therefore the benthic exchange between shelf sediments and overlying bottom water affects both low-latitude surface water and deep-water concentrations.
[21] The system of 7 ordinary and 15 partial differential equations defined in Tables 3 and 4 was solved using finite difference techniques as implemented in the commercial software MATHEMATICA. The object NDSolve which was applied to integrate the differential equations uses the numerical procedure ''Method of Lines.'' This procedure based on partial discretization has been successfully applied in previous modeling of benthic processes [Boudreau, 1996 [Boudreau, , 1997 Luff et al., 2000] . A high depth resolution (0.05 cm at the surface of shelf sediments) was used in the sediment model to minimize numerical errors and determine reliable benthic fluxes. Mass balances for sediment and water species indicate that the numerical errors were small so that masses were conserved almost completely (mass balance errors <0.01%). A typical steady state run was completed within 1 hour on a PC with Pentium IV processor whereas nonsteady state calculations were numerically more demanding. MATHEMATICA notebooks containing the full model code are available on request.
Results and Discussions
[22] The results of different model applications are presented and discussed in the following section. In the first paragraph, the coupled benthic-pelagic model is calibrated by fitting the model to the fluxes and nutrient concentrations observed in the modern ocean. Subsequently, the sensitivity of the benthic model is tested and the results are compared to field data. In the third paragraph the coupled benthic-pelagic model is used to constrain the productivity of the glacial ocean and in the final paragraph the model is applied to explore the upper limits of marine productivity.
Simulating the Turnover of POC, Nutrients, and Dissolved Oxygen in the Prehuman Holocene Ocean
[23] The model was run repeatedly using different parameter values for the preferential degradation of reactive P (a = 1 -3), phosphate uptake in nitrate-bearing surface sediments (k up = 20 -200 yr for shelf sediments, a = 2 for all sediments, k FIX = 10 yr À1 , K NF = 0.1 mM). The resulting concentrations in surface and deep waters, as well as export productions, depositional fluxes, and rates of benthic turnover (Tables 8 and 9 ) are close to observations (Figure 1 and Table 1) demonstrating that the model presented here can be used to simulate the marine POC, N, P, and O 2 cycles.
[24] Turnover of nitrogen occurred mainly via denitrification in shelf sediments and N 2 -fixation in low-latitude surface waters. Denitrification was forced by high rates of POC deposition at shallow water depths which lead to rapid oxygen depletion in sediment pore waters and high rates of sedimentary denitrification falling into the range of recent estimates [Middelburg et al., 1996b] . N 2 -fixation was controlled by the availability of dissolved phosphate in low-latitude surface waters and was inhibited by high levels of dissolved nitrate. The atomic N/P ratio in surface waters at low latitudes was effectively stabilized to a value corresponding to observations (15) using the appropriate combination of parameter values (k FIX = 10 yr À1 , K NF = 0.1 mM). The resulting N 2 -fixation rate is two times higher than a recent estimate derived from field observations [Gruber and Sarmiento, 1997] . The field data are controversial but suggest that the nitrogen cycle might have been out of steady state during late Quaternary glacial/ interglacial cycles [Codispoti, 1995] . This scenario is not explored in the simulations because the model was run into Figure 2 . Model setup. The ocean is represented by the conventional three-box model of the ocean [Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984; Knox and McElroy, 1984] . Global circulation is represented by a cyclic flow (TC = 20 Sv) as well as by vertical and horizontal mixing coefficients (in Sv = 10 6 m 3 s À1 ). Mixing is enhanced to allow for realistic export production and deep-water ventilation. Original data [Archer et al., 2000b; Toggweiler, 1999] are given in brackets. The seafloor is divided into deep sea, margin (rise and slope), and shelf. Terrigenous sediments, organic matter, and nutrients are added to the oceans via rivers, glaciers, and dust deposition. steady state to calibrate unknown parameter values with available observations.
[25] The ratio between organic carbon mineralization in surface sediments and benthic phosphate fluxes into the overlying bottom water increased with water depth (last row in Table 9 ). The ratio was higher than the Redfield ratio (106) in average deep-sea sediments due to the large nitrate penetration depth and the enhanced removal of dissolved phosphate within surface sediments. This model result is again consistent with field observations [Colman and Holland, 2000; Hensen et al., 1998; Smith et al., 1979] .
[26] P reac burial efficiency, i.e., the ratio between total P reac burial (organic and terrigenous P) and depositional rate varied only moderately between deep sea, continental margin, and shelf whereas POC burial efficiency was strongly enhanced with decreasing water depth, increasing sedimentation rate, and POC deposition as previously observed [Betts and Holland, 1991; Müller and Suess, 1979; Sarnthein et al., 1988] .
[27] Resulting sediment and pore water profiles show the typical features observed in marine surface sediments (Figure 3 ): POC concentrations strongly decrease with water depths whereas oxygen penetration depths are enhanced due to the lower POC depositional flux in deep water areas. The P reac content is only weakly affected by water depths and depositional fluxes because the enhanced mobilization of dissolved P compensates for the elevated rain rate of particulate P to sediments at shallow water depths. The pore water concentrations of dissolved phosphate are low in the presence of dissolved oxygen and nitrate. They increase strongly below the nitrate penetration depth due to diminished removal under anoxic conditions as observed in many field studies [Christensen, 1987; Sundby et al., 1992] .
Controls on Burial Rates and Benthic Phosphate Fluxes
[28] The sensitivity of the benthic model to changes in sedimentary redox conditions was explored in a large number of model runs. The depositional fluxes of POC and the oxygen concentrations prevailing in the overlying bottom waters were varied systematically and the benthic model was run into steady state to calculate the resulting burial rates and benthic fluxes of organic carbon, reactive phosphorus, and dissolved phosphate. In these model runs, bioturbation coefficients were diminished when the oxygen concentrations in the overlying bottom water decreased below a critical value of 20 mM. Moreover, the depositional flux of reactive P (F dep Pr ) was varied according to:
where F dep PT is the depositional rate of terrigenous P normalized to the corresponding seafloor area whereas F dep POC is the rate of POC deposition systematically varied in the simulations. Finally, additional simulations were run using zero concentrations of both oxygen and nitrate in the bottom water to mimic completely anoxic conditions. Approximately, 50 model runs were performed for each of the three depositional environments. The model results for the slope and rise environment are presented in Figure 4 .
[29] The ratio between burial of POC and P reac changed strongly as a function of both bottom water oxygen concentrations and depositional POC fluxes (Figure 4) . Low ratios corresponding to the recent values occurred under oxic conditions with well-ventilated bottom waters and low to moderate POC fluxes. Under these conditions the uptake of dissolved phosphate in nitrate-bearing surface sediments significantly enhanced the P reac contents of solids and thus the P reac burial rates. Low ratios were also obtained with oxygen-depleted bottom waters under extremely eutrophic conditions. In this situation, the P reac burial was enhanced because the dissolved phosphate concentrations in the pore fluids approached the saturation level (500 mM) inhibiting any further release of phosphate from the sediment. Very high ratios occurred under anoxic bottom waters and eutrophic conditions. In this setting, the phosphate uptake in surface sediments was inhibited because the overlying bottom waters contained neither oxygen nor dissolved nitrate. Moreover, dissolved phosphate concentrations at depth did not approach the saturation level due to the moderate rates of POC and P reac deposition. The preferential degradation of P reac with respect to POC, as defined by the model parameter a, then dominated the benthic turnover inducing extremely high-POC/P reac burial ratios.
[30] The sensitivity of the model with respect to productivity and redox mimics the trends observed in marine sediments. Thus the POC/P reac ratios in deep-sea and rise sediments generally increase with POC contents and productivity [Anderson et al., 2001] and sediments with high-POC/P reac ratios are common in marginal seas with periodic or permanently anoxic bottom waters [Arthur and Dean, 1998; Emeis et al., 2000] . Moreover, fossil-laminated shales deposited under anoxic conditions have atomic POC/POP ratios of up to 3900 [Ingall et al., 1993] . In contrast, extremely productive continental margins such as the Peruvian shelf and slope often produce P reac -rich deposits (phosphorites) with low-POC/P reac ratios. The genesis of ). POC/P reac burial ratios and benthic fluxes were calculated in 54 consecutive model runs shown as dots in top panel. Contour lines were produced using procedures implemented in ORIGIN 6.1. Negative oxygen concentrations represent anoxic bottom waters depleted in dissolved nitrate. Parameter values were set as defined in Table 6. these economically important deposits is also affected by bottom currents and other factors that are not considered in the model [Van Cappellen and Berner, 1988] . Nevertheless, the low-POC/P reac ratios produced by the model under extremely eutrophic conditions reflect the major effect observed in this setting.
[31] The redox-dependent recycling of phosphate in surface sediments is also reflected in the benthic fluxes of dissolved phosphate at the sediment-water interface. An excess flux of phosphate (F ben ex ) was calculated from the total benthic phosphate flux (F ben tot ) and the depth-integrated rate of organic matter degradation (R POC ) as:
[32] This excess flux represents the non-Redfieldian component of the total phosphate flux. Positive excess fluxes are due to the mobilization of new dissolved phosphate from reactive terrigenous phosphorus phases and are also induced by the preferential degradation of phosphorus-bearing organic substances whereas negative excess fluxes are caused by the uptake of phosphate by benthic microorganisms, via adsorption and mineral formation.
[33] As expected, the excess fluxes mirror the pattern revealed already in the POC/P reac burial ratios. Thus large positive fluxes occur under reducing conditions and at moderate productivity. Again, in situ flux data as well as pore water data from dominantly anoxic deposits confirm that these sediments generally release excess phosphate into the overlying bottom water [McManus et al., 1997; Colman and Holland, 2000; Balzer, 1984] . In situ flux data from marginal basins and continental slope sites [Berelson et al., 1987; Ingall and Jahnke, 1997; McManus et al., 1997; Reimers et al., 1992] revealed negative excess fluxes at oxygen concentrations above 50 mM and positive fluxes at oxygen values below 20 mM.
Constraining the Productivity of the Glacial Ocean
[34] The low-glacial sea level exerts a strong influence on the patterns of terrigenous sedimentation and affects sedimentary processes on the continental shelf which could in turn change the nutrient contents of seawater. Thus McElroy [1983] proposed that diminished denitrification on continental shelves enhanced the glacial nitrate inventory whereas Broecker [1982] suggested that the glacial phosphate inventory was enlarged due to diminished sedimentation and burial of particulate phosphorus in shelf deposits. During the Holocene, the fraction of riverine particles deposited on the continental shelf is high (90%) because the shelf is not at isostatic equilibrium with the present sea level but is still affected by the much lower glacial sea level [Hay and Southam, 1977] . Under glacial conditions, the anomalous Holocene rate was diminished by an order of magnitude [Hay, 1994] shifting the focus of sedimentation from the shelf to the continental rise and slope. The glacial sea level was $120 m below its present value [Rohling et al., 1998 ] reducing the water-covered shelf and marginal sea areas by approximately 50% [Ludwig et al., 1999; Menard and Smith, 1966; Peltier, 1994] . Moreover, the transport of ice-rafted material to the margin and the deposition of aeolian dust at the deep seafloor were strongly enhanced increasing the total sedimentation rate by approximately 3 Â 10 15 g yr À1 [Lisitzin, 1996] . The increased dust input also enhanced the release of dissolved phosphate from dust particles and thereby the input of dissolved phosphate into the ocean. Changes in sedimentation rate, water volume, depositional areas, terrigenous inputs, and dust delivery which likely occurred under glacial conditions are summarized in Tables 5 and 6. [35] The model was run with these new parameter values to simulate the nutrient turnover under glacial conditions (simulation G1 in Figure 5 ). The new steady state is characterized by slightly higher inventories of nitrate and phosphate, an enhanced export productivity, and diminished oxygen concentrations in deep water with respect to the Holocene simulation. Subsequently, the fraction of total export production deposited on the continental shelf was diminished (simulations G2-G6). This change is suggested by the strong decrease in the depositional areas at shallow water depths induced by the marine regression. It is reasonable to assume that a smaller fraction of total export production was deposited on narrower glacial shelves so that a correspondingly larger fraction of export production was degraded in the water column. The enhanced water column respiration induced lower oxygen contents in the deep water box (Figure 5b ) which in turn induced a more efficient recycling of dissolved phosphate in deep-sea and margin sediments and thereby an increase in the phosphate inventory (Figure 5c ). Higher phosphate concentrations favored N 2 -fixation at low latitudes inducing an increase in the dissolved nitrogen inventory (Figure 5c ) which finally enhanced the marine productivity (Figure 5a) . The atomic N/P ratio in average seawater was maintained close to it's current value (15) because the model compensated for enhanced phosphate levels by enhanced N 2 -fixation rates. Below a certain threshold value in the oxygen concentration of deep water (%100 mM), a gradual change in POC deposition induced an enormous jump in productivity and thereby an almost complete consumption of oxygen in the deep water box (simulation G4). This nonlinear behavior is due to the feedbacks embedded in the model formulation. An increase in productivity removes phosphate and nitrate from surface waters into the deep ocean and the underlying sediments. This negative feedback keeps the productivity at a moderate level during simulations H, G1, G2, and G3. At a certain threshold, the negative feedback is overcome by a positive feedback founded in the redox-dependence of benthic phosphate recycling. Under these conditions, an increase in productivity promotes sufficiently anoxic conditions in surface sediments which strongly enhance the benthic reflux of phosphate into the ocean and thereby the marine productivity. The positive feedback accelerates export production until N 2 -fixation no longer compensates for the concurrent increase in denitrification. Nitrate is then not only the proximate but also the ultimate limiting nutrient. The nitrate inventory in the deep ocean declines rapidly due to the ongoing denitrification (Figure 5c ) but the export production is maintained at a high level due to the ongoing N 2 -fixation in low-latitude surface waters. A further decrease in sealevel (simulations G5 and G6) has only a small effect on productivity because the nitrogen cycle is dominated by negative feedbacks reinforced by the redox dependence of denitrification. The final productivity is mainly defined by the maximum rate of N 2 -fixation reached at low-N/P ratios in low-latitude surface waters. The model strongly suggests that the phosphate inventory was enlarged under glacial conditions due to a shift of POC deposition to deeper areas. Thus the model confirms an earlier hypothesis [Broecker, 1982] but offers a new explanation based on the modeling of redoxdependent benthic processes.
[36] High glacial dust inputs probably enhanced the delivery of dissolved iron to surface waters. Therefore the glacial productivity might have been higher in those areas of the global ocean where iron is the limiting nutrient [Martin, 1990] such as the polar Southern Ocean . A doubling of export efficiency at high southern latitudes with respect to the Holocene value is consistent with estimates of iron fluxes to the glacial ocean [Mahowald et al., 1999] . The model was thus run with an increased kinetic constant for export production at high latitudes to simulate the effect of iron fertilization ( Figure 6 ). This sensitivity test revealed the same nonlinear behavior as in the previous simulations. Thus a gradual increase in nutrient utilization slowly decreased the oxygen contents of deep waters until the threshold at %100 mM was overcome so that the deep water turned almost completely anoxic. Total Tables 5 and 6 . G1 is the first simulation for glacial conditions. Here the volume of the deep water box is reduced to account for the formation of large continental ice shields. The depositional area on the continental shelf is diminished to simulate the effects of the marine regression. The sedimentation rates and depositional rates of terrigenous matter are changed because the locus of sedimentation was shifted from the shelves to the continental slope and rise under glacial conditions. Finally, the rate of dissolved phosphate input via dust deposition is enhanced to account for increased dust inputs. export production showed corresponding changes with a strong increase at low-oxygen levels caused by enhanced phosphate recycling at the seafloor.
[37] A nonsteady state simulation was run to explore the evolution of productivity and nutrient inventories through time as a result of changing sea level (Figure 7) . The simulation started with interglacial (Holocene) parameter values. They were slowly and linearly changed from interglacial into glacial maximum values over the first 100 kyr of the model run to simulate the continuous drop in global sea level during the transition from interglacial to glacial maximum conditions. At t = 100 kyr, the parameters used to drive the model attained the same values as in the steady state simulation G6 ( Figure 5 ). Subsequently, the direction of change was inverted and the parameters were linearly readjusted to their Holocene values which were attained at the end of the simulation (at t = 120 kyr). Productivity and nutrient contents increased over the first 100 kyr because the fraction of export production deposited on the continental shelf was diminished continuously. In contrast to the corresponding steady state simulation, oxygen was only reduced to 120 mM and total export production was enhanced to only 1100 T mol yr À1 due to the restricted time available for the accumulation of high phosphate contents in deep water. The slow approach of steady state documented in Figure 7 clearly shows that the extremely high productivity and low-oxygen concentrations calculated for glacial boundary conditions were never fully attained during the late Quaternary because glacial periods were always terminated abruptly after a duration of about 100 kyr [Petit et al., 1999] . Many box models as well as general circulation models with biogeochemical modules assume that the late Quaternary ocean has oscillated between a glacial and an interglacial steady state [e.g., Archer et al., 2000a] even though estimates of Holocene fluxes suggest that the ocean has always been out of steady state during the Pleistocene and Holocene [Codispoti, 1995; Milliman, 1993; Opdyke and Walker, 1992] . The slow rate of change documented in Figure 7 supports the view that the late Quaternary ocean never reached a steady state because the equilibration time between ocean and sediments exceeds the available time span of 100 kyr. Steady state results (e.g., Figures 5 -6 ) are thus of limited value.
[38] Moreover, the nonsteady state simulation (Figure 7 ) revealed that the high nutrient contents accumulated in the deep water box under glacial conditions (t = 0 -100 kyr) were not fully consumed during the interglacial (t = 100-120 years). This result may be due to the poor representation of the events occurring during glacial terminations. In the model run, the glacial termination is marked by a reverse in the direction of sea level change only, whereas paleo climatic studies show that temperatures, pCO 2 values, sea-ice cover, and possibly also marine productivity and circulation started to change before the onset of sea level rise [Broecker and Henderson, 1998 ] with unknown consequences for the marine nutrient inventories.
[39] The benthic model results (Figure 8 ) reflect the changes in marine productivity and sedimentation rate over the model period. The POC/P reac burial ratios peaked during the glacial maximum (at t = 100 kyr) and the highest maximum was observed in the continental slope and rise sediments. The author is not aware of a systematic sediment study investigating the changes in POC/P reac burial ratio over glacial terminations. Such a study could be used to control the proposed model scenario.
[40] A large body of proxy data suggests that glacial deep-sea sediments and deep waters were indeed more reducing than their Holocene counterparts in extended areas of the global ocean. Evidences include low-Mn/Fe ratios in manganese nodules [Bollhöfer et al., 1996; Mangini et al., 1994] , authigenic Mn maxima in sediments deposited during glacial terminations [Berger et al., 1983; Mangini et al., 2001; Thomson et al., 1996; Thomson et al., 1984; Wallace et al., 1988; Wilson et al., 1986] , authigenic U enrichments in glacial sediments [Francois et al., 1997; Mangini et al., 2001; Sarkar et al., 1993] , enhanced concentrations and accumulation rates of POM [Müller and Suess, 1979; Pedersen, 1983; Sarnthein et al., 1988] , and changes in the abundance of sedimentary phosphorus phases [Tamburini et al., 2002] . In contrast, water masses at shallow and intermediate depths were probably better ventilated during glacials [Altabet et al., 1995; Ganeshram et al., 1995; Haug et al., 1998; Sigman and Boyle, 2000] . Considering that most glacial sediments were deposited at the deep seafloor and continental rise, the more reducing conditions in these deposits probably enhanced the benthic recycling of phosphate into the ocean [Tamburini et al., 2002] allowing for a significant expansion of the dissolved phosphate inventory and a strong increase in marine productivity.
Exploring the Limits of Marine Productivity
[41] In the following section, the efficiency of nutrient utilization and the rates of N 2 -fixation are varied to explore the limits of marine productivity. For this purpose, the formulation of the nitrogen cycle was further enhanced to consider the accumulation of ammonia in anoxic deep waters (Table 7) .
[42] The efficiencies of nutrient utilization at high latitudes (k XPH ) and N 2 -fixation at low latitudes (k FIX ) were varied systematically over several orders of magnitude ( Figure 9 ). The productivity of the global ocean was changed by more than one order of magnitude upon this manipulation even though the input of nutrients from the continents into the oceans was maintained at a constant value corresponding to glacial boundary conditions. Eutrophic conditions with anoxic deep waters were obtained due to the positive feedback in the phosphorus cycle. Dissolved oxygen was almost completely exhausted when the export production rose above 3000 T mol POC yr
À1
. Changes in the N 2 -fixation rate had a strong effect on the productivity indicating that nitrate was the ultimate limiting nutrient over most of the investigated parameter space.
[43] Field studies and geological data clearly show that marginal seas and open oceans dominated by anoxic bottom waters are highly productive [Arthur and Dean, 1998; Erbacher et al., 2001; Haug et al., 1998; Struck et al., 2001] . Usually, the anoxic conditions are ascribed to the high productivity whereas the source of nutrients is not identified even though additional phosphate supply from anoxic sediments could easily sustain and enhance eutrophic conditions in the overlying water. The role of phosphate recycling is clearly seen in the Black Sea and the Baltic Sea which are the most prominent examples of marginal seas with anoxic bottom waters. Here the POC/ P reac ratios are high in sediments deposited after the onset of anoxia so that the enhanced productivity may be supported and maintained by benthic phosphate release from surface sediments [Arthur and Dean, 1998; Emeis et al., 2000] . Moreover, the analysis of Mediterranean sapropels showed that phases of enhanced productivity were accompanied and supported by anoxic conditions in bottom waters favoring the release of benthic phosphate [C. P. Slomp et al., Controls on phosphorus regeneration and burial during formation of eastern Mediterranean sapropels, submitted to Marine Geology, 2002, hereinafter referred to as Slomp et al., submitted manuscript, 2002; Slomp et al., 2002; Struck et al., 2001] .
Conclusions
[44] The ratio between POC and P reac in marine sediments is strongly affected by the oxygen contents of the overlying bottom waters and by sedimentary redox conditions so that the POC/P reac burial ratio increases by one order of magnitude under anoxic conditions. Enhanced productivity usually increases the burial ratio due to the enhanced benthic respiration and the shoaling penetration depths of oxygen and nitrate. The formation of authigenic P-bearing phases compensates for the enhanced phosphate release only at extremely high depositional rates of POC and P reac . Thus the usual response of sediments to marine eutrophication is not enhanced burial and removal of P reac as often assumed [Ganeshram et al., 2002] but a strong reflux of dissolved phosphate into the overlying bottom water. This redox-dependent behavior induces a powerful positive feedback strongly affecting the productivity and redox-state of periodically anoxic marginal basins [Emeis et al., 2000; Slomp et al., submitted manuscript, 2002; Slomp et al., 2002; Struck et al., 2001] and the productivity of the global ocean [Ingall and Jahnke, 1994; Van Cappellen and Ingall, 1994] .
[45] The total export production of the global ocean and the size of the marine nutrient inventory can be increased by one order of magnitude by improving the efficiency of nutrient utilization at high latitudes and by enhancing N 2 -fixation at low latitudes. This strong eutrophication may occur at constant rates of nutrient delivery from the continents. It is associated with a rapid spread of anoxia in deep waters and a massive burial of POC in marine sediments. Thus the marine biogeochemical system is not only subject to external perturbations but may strongly effect the global cycles of carbon, oxygen, and other elements due to internal feedbacks associated with the redox-dependent Figure 8 . Benthic model results for the nonsteady state simulation (see Figure 7 for pelagic results and explanations). Concentrations of POC (a -c) and P reac (d -f ) at the lower boundary of the model columns (at 10 cm sediment depth) and the POC/P reac burial ratios (g -i) in shelf, slope and rise, and deep-sea sediments are plotted as a function of time.
phosphate turnover in marine sediments [Betts and Holland, 1991; Holland, 1984; Van Cappellen and Ingall, 1996; Wallmann, 2001] .
[46] The phosphate inventory of the glacial ocean was enlarged due to a decrease in the oxygen contents of deep water masses caused by the exposure of continental shelf areas and by iron fertilization. Moreover, enhanced stratification at high latitudes might have decreased the ventilation of the deep ocean [Sigman and Boyle, 2000] and thereby the oxygen contents of deep waters. This would further increase the release of phosphate from sediments and the marine productivity. Thus glacial/interglacial changes in the global ocean's productivity are not inhibited by negative feedbacks and stoichiometric constraints as recently proposed [Archer et al., 2000a] but may attain large amplitudes due to the positive feedback rooted in the redox-dependent benthic phosphorus cycle.
[47] In the modern ocean, the average ratio of dissolved nitrate to phosphate (15) is close to the N/P ratio observed in marine phytoplankton (16). This surprising observation has stimulated an incessant debate [Lenton and Watson, 2000; Redfield, 1958; Tyrrell, 1999] . The model results presented here suggest that N 2 -fixation maintains the modern nutrient ratio under oxic conditions whereas the ratio decreases dramatically upon the spread of anoxia.
[48] A further long-standing debate is centered on the question whether marine productivity is ultimately limited by nitrate or phosphate [Falkowski, 1997; Tyrrell, 1999] . The model presented here shows that nitrate is limiting under eutrophic and reducing conditions while phosphate is the ultimate limiting nutrient in oligotrophic and oxic environments.
[49] Productivity and redox state of the ocean are linked via highly nonlinear relations. On one hand, an increase in the ocean's productivity results in enhanced nutrient removal via burial and denitrification. On the other hand, the nutrient inventory and the productivity may be further enhanced due to the benthic release of phosphate. A threshold value appears as a result of these negative and positive feedbacks. The ocean's productivity is maintained at moderate values accompanied by oxic conditions in deep waters as long as the oxygen content of the bottom waters is higher than 100 mM. Both eutrophic conditions and anoxia spread rapidly as soon as this threshold is overcome. The modern ocean is located close to this threshold and may thus reside on the brink of anoxia [Lenton and Watson, 2000] .
[50] Recent data show that eutrophication of coastal waters has been increased in many areas leading to enhanced hypoxia in bottom waters, enhanced denitrification, and changes in the functional groups dominating the phytoplankton community [Emeis et al., 2000; Goolsby, 2000; Liu et al., 2000; Naqvi et al., 2000; Rabouille et al., 2001; Ver et al., 1999b] . Moreover, the stratification of the upper water column in the equatorial Pacific has been enhanced over the last decades inducing a decrease in the ventilation of intermediate waters [McPhaden and Zhang, 2002] . Finally, it has been proposed to fertilize the Southern Ocean and other areas of the ocean with iron to increase the biological CO 2 uptake and to remove anthropogenic CO 2 from the atmosphere. All of these anthropogenic perturbations are amplified by the release of dissolved phosphate from anoxic sediments and may thus ultimately push significant areas of the global ocean toward anoxia. Thus the positive feedback rooted in the benthic phosphorus cycle has to be considered and should be more closely investigated in high-resolution models of the ocean to predict the consequences of iron-fertilization and other human impacts on the marine biogeochemical system. Figure 9 . Impact of nutrient utilization and N 2 -fixation on marine productivity and oxygen contents of bottom waters. The kinetic constant defining the efficiency of nutrient utilization at high latitudes (k XPH ) was varied from 0.02 to 20 yr À1 whereas the kinetic constant defining the efficiency of N 2 -fixation (k FIX ) was varied from 0.01 to 100 yr
À1
. Each of the contour plots is based on 20 individual model runs spanning a regular grid in the log(k XPH ) -log(k FIX )-plane. The simulations were run over model periods of several 100 kyr to approach steady state using the additional model equations defined in Table 7 and applying the glacial parameter values of simulation G1 ( Figure 5 ).
